Abstract Research has indicated that regions of left and right dorsolateral prefrontal cortex (DLPFC) are involved in integrating the motivational and executive function processes related to, respectively, approach and avoidance goals. Given that sensitivity to pleasant and unpleasant stimuli is an important feature of conceptualizations of approach and avoidance motivation, it is possible that these regions of DLPFC are preferentially activated by valenced stimuli. The present study tested this hypothesis by using a task in which goal pursuit was threatened by distraction from valenced stimuli while functional magnetic resonance imaging data were collected. The analyses examined whether the impact of trait approach and avoidance motivation on the neural processes associated with executive function differed depending on the valence or arousal level of the distractor stimuli. The present findings support the hypothesis that the regions of DLPFC under investigation are involved in integrating motivational and executive function processes, and they also indicate the involvement of a number of other brain areas in maintaining goal pursuit. However, DLPFC did not display differential sensitivity to valence.
as well as behavioral responses to motivationally relevant stimuli (Elliot & Thrash, 2002) . Individual differences in the activity and/or reactivity of these motivational systems are conceptualized as temperament types, on the basis of research indicating that they are heritable, present early in life, and stable over the lifespan (Clark, Watson, & Mineka, 1994; Elliot & Thrash, 2002) .
Another set of processes hypothesized to be necessary for the pursuit of goals are those related to executive function, which are conceptualized as processes involved in the execution of goal-directed action (Banich, 2009) . Although both motivation and executive function are thought to be essential to the pursuit of goals, the manner in which they interact is still a matter of debate (Pessoa, 2009 ).
Integration of motivation and executive function in dorsolateral prefrontal cortex
Consistent with conceptualizations of prefrontal cortex (PFC) as being necessary "to orchestrate thought and action in accordance with internal goals" (E. K. Miller & Cohen, 2001) , recent research has implicated dorsolateral prefrontal cortex (DLPFC) and surrounding areas as being involved in the integration of the motivation and executive function processes (e.g., Lee & Wang, 2009; Spielberg, Miller, et al., 2011) . For example, research has shown that DLPFC activation increases as both working memory demands and reward levels increase (Pochon et al., 2002) , and other research has suggested that the interaction of state motivational processes and working memory load is instantiated in bilateral DLPFC (Taylor et al., 2004) .
Inconsistencies have emerged in this research regarding the role of hemispheric lateralization in the relationship of DLPFC and motivational processes, with at least one study reporting activation selectively in left DLPFC in response to a reward manipulation (Pochon et al., 2002) , and other studies reporting bilateral DLPFC activation in response to a manipulation that included both reward and punishment (e.g., Taylor et al., 2004) . A long line of research has suggested that PFC is lateralized with respect to motivational/emotional valence, with right PFC associated with avoidance motivation and unpleasant emotion, and left PFC associated with approach motivation and pleasant emotion (for reviews, see Davidson & Irwin, 1999; Heller, 1993) . Thus, differences in the motivational manipulation(s) used across studies could account for the discrepancies regarding lateralization in the literature (e.g., left DLPFC being active when only a reward manipulation is used, whereas bilateral DLPFC is active when the manipulation includes both reward and punishment). Another relevant factor not examined in these studies has been the influence of individual differences in motivational temperament on DLPFC activation during executive function tasks. To address these questions, Spielberg, Miller, et al. (2011) investigated moderation of the neural activation associated with incongruent versus congruent words on the color-word Stroop (1935) task by approach and avoidance temperament. Consistent with previous research, approach temperament moderated activation in areas of left DLPFC, whereas avoidance moderated activation in right DLPFC, and all of these effects were lateralized. Avoidance also unexpectedly moderated activation in left DLPFC, overlapping an area associated with approach, suggesting that laterality research, which often examines only hemispheric difference scores, had previously overlooked important bilateral contributions to motivation.
The regions of DLPFC identified in Spielberg, Miller, et al. (2011) have been associated with a number of other functions, including behavioral inhibition, planning upcoming action, attending to cues predictive of a motivationally salient event, and responding when such events occur (e.g., Abler, Walter, Erk, Kammerer, & Spitzer, 2006; Bickel, Pitcock, Yi, & Angtuaco, 2009; Kaladjian et al., 2009; Volle et al., 2005) . Incorporating this research with their findings, Spielberg, Miller, et al. hypothesized that these regions of DLPFC are involved in implementing a motivational set that biases lower-order processing to be congruent with goals. Thus, DLPFC appears to play a central role in the pursuit of goals.
Brain areas involved in other aspects of goal pursuit
Anterior cingulate cortex In addition to DLPFC, a number of other brain areas have been implicated in the instantiation of processes important for the pursuit of goals. Anterior cingulate cortex (ACC) has been implicated in encoding the predicted values associated with actions (for a review, see Rushworth & Behrens, 2008) . Information represented in ACC is needed to efficiently create action plans to pursue goals, suggesting that ACC provides this information to DLPFC. A recent study identified a region of ACC (similar to the dorsal ACC region identified by Bush, Luu, & Posner, 2000) that was heavily connected to DLPFC and surrounding cortex and was reliably activated by reward manipulations (M. Beckmann, Johansen-Berg, & Rushworth, 2009) , suggesting that this region of ACC provides motivational information regarding actions to DLPFC.
Amygdala Although this area is often discussed solely in the context of unpleasantly valenced emotions, particularly fear (Baxter & Murray, 2002) , research has supported a role for the amygdala in pleasantly valenced emotions and reward learning as well (Baxter & Murray, 2002; Holland & Gallagher, 2004; Sabatinelli, Bradley, Fitzsimmons, & Lang, 2005) . In particular, the amygdala has been implicated as important for the identification of the motivational relevance of stimuli and the enhancement of feature processing in salient stimuli (Pessoa & Adolphs, 2010) . Thus, previous studies have suggested that amygdala is differentially engaged by the salience of stimuli, independent of valence. In summary, the role of the amygdala in goal pursuit appears to be in biasing processing of perceptual information such that salient information is given more weight.
Basal ganglia The basal ganglia, a set of subcortical nuclei that includes striatum, globus pallidus, substantia nigra, and subthalamic nucleus, has been heavily implicated in a number of reward processes (Haber, 2009 ) and, to a lesser extent, in punishment processes (e.g., Delgado, Nystrom, Fissell, Noll, & Fiez, 2000; Redgrave, Coizet, & Reynolds, 2010) . For example, research has found nucleus accumbens to be activated during anticipation of appetitive stimuli (Knutson, Taylor, Kaufman, Peterson, & Glover, 2005) . Additionally, striatum receives projections from diverse areas involved in goal pursuit, including DLPFC, ACC, orbitofrontal cortex, amygdala, and midbrain dopaminergic nuclei, and is thought to integrate information from processes in these areas (Haber, 2010) . This integrated information can feed back through basal ganglia output nodes to influence processing in the cortical areas listed above (Gerfen & Bolam, 2010) .
Orbitofrontal cortex Orbitofrontal cortex (OFC) has been linked to the maintenance of the current and the expected motivational value of stimuli (O'Doherty & Dolan, 2006) and likely provides information about stimulus value to superior areas such as DLPFC (Szatkowska, Bogorodzki, Wolak, Marchewka, & Szeszkowski, 2008) . O'Doherty (2007) proposed a medial-versus-lateral distinction in OFC, with the medial and lateral areas representing the values of rewards and punishments, respectively. However, there is disagreement in the literature regarding the role of lateral OFC in motivation. Elliott, Dolan, and Frith (2000) suggested that lateral OFC is activated when previously rewarded behavior must be inhibited, and thus that it does not represent the values of punishments per se. Kringelbach and Rolls (2004) incorporated both views by suggesting that lateral OFC represents the value of punishments and signals that behavior should change.
The present study
One important aspect of motivational processing not tested by Spielberg, Miller, et al. (2011) was the differential sensitivity to the valence of stimuli that has been hypothesized to be fundamental to the construct of motivational temperamentthat is, that approach temperament is associated with sensitivity to pleasant valence, and avoidance temperament with sensitivity to unpleasant valence. Sensitivity to pleasant valence, for example, could lead to increased distraction from goals if the pleasantly valenced stimuli are salient and taskirrelevant. Therefore it is possible that, rather than being related solely to enhanced goal pursuit, greater levels of temperamental motivation also lead to disrupted goal pursuit in the presence of motivationally salient but task-irrelevant distractors. Consequently, greater recruitment of brain areas associated with maintaining goals would be needed to compensate. Thus, one aim of the present study was to test the hypothesis that approach and avoidance temperaments are associated with increased sensitivity to pleasant and unpleasant stimuli (valence manipulation), respectively, accompanied by greater compensatory recruitment of brain regions to maintain goal pursuit.
Emotionally arousing stimuli are often salient for goals independent of their valence, and therefore should attract attention. In a context in which the arousing aspect of the stimuli is irrelevant, this would lead to distraction from the goal and subsequent engagement of brain regions involved in maintaining task performance. A second aim of the present study was thus to test the hypothesis that brain areas observed to be differentially moderated by motivation in the context of tasks without an explicit emotional manipulation would be similarly engaged to ignore emotionally arousing information (arousal manipulation), which would suggest that these areas are engaged in the integration of motivational and executive function processes, regardless of the nature of the distraction that threatens to interrupt the goal.
To examine these hypotheses, the present study used fMRI to examine moderation of neural activation by trait approach and avoidance motivation in an emotion-word Stroop task (Williams, Mathews, & MacLeod, 1996) . Unlike the color-word Stroop, the word meaning is distracting in the emotion-word Stroop because it is emotionally valenced and arousing. The emotion-word Stroop task used in the present study included both a valence manipulation (pleasant vs. unpleasant words) and an arousal manipulation (low vs. high arousal words).
Hypotheses
Approach temperament was hypothesized to be associated with greater distraction by pleasant words, and avoidance was hypothesized to be associated with greater distraction by unpleasant words. Both temperament types were hypothesized to be associated with distraction by arousing words. The hypothesized effects of this distraction on brain activation are specified below.
DLPFC Approach and avoidance were hypothesized to be associated with increased engagement of the DLPFC areas identified by Spielberg, Miller, et al. (2011) , as a compensatory strategy to maintain goal pursuit and ignore emotionally arousing words. Additionally, approach was hypothesized to differentially moderate left DLPFC with respect to the valence of the distractors, such that greater approach was associated with greater activation to pleasant (relative to unpleasant) distractors. Similarly, avoidance was hypothesized to be associated with greater activation to unpleasant (relative to pleasant) distractors in bilateral DLPFC.
ACC Approach and avoidance were hypothesized to be associated with greater activation to pleasant and unpleasant distractors, respectively, in the ACC region that research has suggested provides action-related value information to DLFPC.
Amygdala As discussed above, research has suggested that amygdala is engaged by the salience of stimuli, independent of valence. However, because approach is thought to increase the salience of pleasant stimuli, it was hypothesized that amygdala activation to pleasant stimuli would increase as a function of approach. Furthermore, it was hypothesized that amygdala activation to unpleasant stimuli would increase as a function of avoidance.
Basal ganglia Given the proposed role of basal ganglia in integrating information from DLPFC, ACC, amygdala, and OFC, we hypothesized that this area would show a pattern of activation similar to that of the areas that project to it. Specifically, basal ganglia was hypothesized to show greater activation to pleasant distractors as a function of approach, greater activation to unpleasant distractors as a function of avoidance, and greater activation to arousing distractors as a function of both temperament types.
OFC Approach was hypothesized to be associated with greater activation to pleasant distractors in medial OFC, whereas avoidance was hypothesized to be associated with greater activation to unpleasant distractors in lateral OFC, given research that has implicated these areas in the maintenance of appetitive and aversive value, respectively.
Method

Participants
The participants were recruited from a large pool of undergraduates who completed a series of questionnaires as partial fulfillment of enrollment in an introductory psychology course. The questionnaires included the Penn State Worry Questionnaire (PSWQ; Meyer, Miller, Metzger, & Borkovec, 1990; Molina & Borkovec, 1994) , as a measure of anxious apprehension, and portions of the Mood and Anxiety Symptom Questionnaire (MASQ; Watson, Clark, et al., 1995; Watson, Weber, et al., 1995) -specifically, the Anxious Arousal scale (MASQ-AA) and the Loss of Interest subscale of the Anhedonic Depression scale (MASQ-AD-LI; Nitschke, Heller, Imig, McDonald, & Miller, 2001) . Participants were contacted (1) if they scored at or above the 80th percentile ( ≥ 63 on the PSWQ, ≥ 33 on the MASQ-AA, or ≥ 22 on the MASQ-AD-LI) on one of the three psychopathology dimensions (anxious apprehension, anxious arousal, or anhedonic depression) and at or below the 50th percentile ( ≤ 49 on the PSWQ, ≤ 25 on the MASQ-AA, and ≤ 17 on the MASQ-AD-LI) on the other two dimensions (creating three "pure" groups); (2) if they scored at or above the 80th percentile on all three psychopathology dimensions (creating a "comorbid" group); or (3) at or below the 50th percentile on all three psychopathology dimensions (creating a "control" group). Group membership was ignored in the data analyses for the present study, except when testing whether group membership was a confounding effect. The participants were then screened for claustrophobia, left-handedness, history of serious brain injury, abnormal hearing or vision, metal in their body, pregnancy, and nonnative English-speaking.
A total of 107 participants completed the laboratory protocol. Participants were not used (a) if they moved more than 3.3 mm relative to the volume used for registration (the middle volume of the time series) or more than 2 mm between adjacent volumes (one participant exceeded this criterion only during the last block of words, and this block was not used); (b) if they committed errors on 15% or more of the trials; (c) if they exhibited reaction times greater than three standard deviations from the mean of the entire sample; (d) if their scans exhibited apparent signal loss due to magnetic susceptibility in areas of interest; or (e) if their scans exhibited activation patterns that appeared to be due to residual motion-related variance. These exclusions left 80 participants (47 female, 33 male; mean age 0 19 years). In the present sample, 76 of the participants overlapped with the sample used in Spielberg, Miller, et al. (2011) , who used data from a different task. One participant's scans exhibited a scanner artifact throughout the time series. Independentcomponents analysis, as implemented in MELODIC (C. Beckmann & Smith, 2004) , was used to isolate and remove this artifact. After removal, no artifact was apparent.
Questionnaires
To measure approach and avoidance temperament, three questionnaires were administered that have been associated with these constructs (Elliot & Thrash, 2002) : the Behavioral Inhibition and Behavioral Activation Scales (Carver & White, 1994) , the Neuroticism and Extraversion subscales of the NEO-Five Factor Inventory (Costa & McRae, 1992) , and the Negative and Positive Temperament subscales of the General Temperament Survey (Watson & Clark, 1993) . These scales were used as indicators in confirmatory factor analysis using AMOS. On the basis of previous research (Elliot & Thrash, 2002; Spielberg, Miller, et al., 2011) , two latent factors were modeled, with behavioral activation, extraversion, and positive temperament used as indicators for Approach Temperament, and behavioral inhibition, neuroticism, and negative temperament used as indicators for Avoidance Temperament. Maximum-likelihood estimation was used, and the two latent factors were allowed to covary freely. The factor scores were extracted with the regression method to use as measures of approach and avoidance temperament.
Stimuli and experimental design
Participants completed two tasks, an emotion-word Stroop and a color-word Stroop (findings from the latter task are presented in Spielberg, Miller, et al., 2011) . The order of presentation of the two tasks was counterbalanced across participants. In the emotion-word Stroop task, 256 trials were presented in 16 blocks (four pleasant, four unpleasant, and eight neutral) of 16 trials each, with a variable intertrial interval (2,000 ± 225 ms) between trial onsets. A trial began with presentation of a word for 1,500 ms, followed by a fixation cross for an average of 500 ms. Each trial consisted of one word presented in one of four ink colors (red, yellow, green, and blue), each color occurring equally often with each word type. Blocks of pleasant or unpleasant words alternated with blocks of neutral words. The order of presentation of the blocks in the present investigation was counterbalanced for each participant. In addition to the word blocks, we included four fixation blocks (one at the beginning, one at the end, and two in the middle of the session) and five rest blocks (one at the beginning, one at the end, and one between each word block). In the fixation condition, a fixation cross intensified in place of word presentation, and in the rest condition, the participants were instructed to rest and keep their eyes open.
The 256 word stimuli were selected from the Affective Norms for English Words set (Bradley & Lang, 1999) . Of these words, 64 were pleasant (e.g., birthday, ecstasy, and laughter), 64 were unpleasant (e.g., suicide, war, and victim), and two sets of 64 were neutral (e.g., hydrant, moment, and carpet). The words were carefully selected on the basis of established norms for valence, arousal, frequency of usage in the English language, and number of letters (see Table 1 ). The words ranged from three to eight letters long (visual angle: 5-18 deg). Each word was centered on a black background and projected. The participants responded with their index and middle fingers using a four-button response box (James Long Co.) under each hand.
fMRI data collection
The fMRI data were 370 three-dimensional (3-D) images acquired using a Siemens gradient-echo echo-planar imaging sequence (TR 2,000 ms, TE 25 ms, flip angle 80º, FOV 0 220 mm) on a Siemens Allegra 3 T scanner. Each image consisted of 38 oblique axial slices (slice thickness 3 mm, 0.3-mm gap, in-plane resolution 3.4375 × 3.4375 mm) acquired parallel to the anterior and posterior commissures. After the fMRI acquisition, a 160-slice MPRAGE structural sequence was acquired (spatial resolution 1 × 1 × 1 mm) and used to warp the participant's functional data into standard space.
fMRI data reduction and preprocessing Image processing and statistical analysis were implemented primarily using the FMRI Expert Analysis Tool, version 5.98 (FEAT, www.fmrib.ox.ac.uk/analysis/research/feat/), part of the FSL analysis package (www.fmrib.ox.ac.uk/fsl). The first three time points (fMRI volumes) of the data set for each participant were discarded to allow the magnetic resonance signal to reach a steady state. Functional data for each participant were motion corrected using rigid-body registration, implemented in FSL's linear registration tool, MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002) . The data were intensity normalized, such that the mean intensity (across time and across voxels in the brain) was constrained to be equal across participants. Next, the data were temporally filtered with a nonlinear high-pass filter that attenuated frequencies below 1/212 Hz and spatially smoothed using a 3-D Gaussian kernel (full width at half maximum 0 5 mm). Temporal low-pass filtering was carried out using AFNI's 3dDespike tool (http://afni.nimh.nih.gov/) to remove intensity spikes. Word stimuli were selected from the Affective Norms for English Words (ANEW) set (Bradley & Lang, 1999) . Valence and arousal data from the ANEW set are represented on a scale ranging from 1 to 9, with 9 representing the most pleasant and most arousing ratings, respectively. Frequency information was obtained from Toglia and Battig (1978) fMRI data processing Regression analyses were performed on the processed functional time series of each participant using FMRIB's Improved Linear Model (FILM) with autocorrelation correction (Woolrich, Ripley, Brady, & Smith, 2001 Andersson, Jenkinson, & Smith, 2007) .
Group inferential statistical analyses were carried out using FMRIB's Local Analysis of Mixed Effects (FLAME). To examine the task main effects, a t test of the means across all participants was conducted for VAL and ARO. To examine moderation by motivational temperaments, VAL and ARO were entered as dependent variables into second-level multiple regression analyses with approach and avoidance scores as the predictor variables.
1 Three covariates of no interest were included that modeled the different counterbalancing orders of task blocks, and these covariates were not correlated with approach or avoidance (see G. A. Miller & Chapman, 2001 , on this use of covariates). Each moderation-related regression analysis produced two β maps, one corresponding to the unique variance associated with approach temperament (with the shared variance associated with avoidance removed) and one corresponding to the unique variance associated with avoidance temperament (with the shared variance associated with approach removed). Two-tailed t tests were conducted on the βs for approach and avoidance and then converted to z scores to determine the significance of the βs. On the basis of a priori hypotheses, several masks were used to constrain the number of voxels under consideration. These masks were of (1) bilateral superior-lateral-prefrontal gray matter, (2) bilateral amygdala, (3) bilateral basal ganglia, (4) bilateral ventralprefrontal gray matter, and (5) cingulate and paracingulate gray matter. Additionally, in order to examine the task main effects, a whole-brain gray-matter mask was used, because no a priori hypotheses were made regarding these effects.
In order to correct for multiple voxel comparisons for the temperament analyses, Monte Carlo simulations via AFNI's AlphaSim program (Ward, 2000) were used to estimate the appropriate cluster size for each mask, which provided a two-tailed familywise error rate of .01. An error rate of .01 for each mask was employed (as opposed to the conventional .05) in order to correct for the fact that five masks were examined (.05/5 0 .01), thus giving an overall error rate of .05 across all five masks. An individual voxel-level threshold of p 0 .04 was used in combination with minimum cluster sizes of 1,092 mm 3 (superior lateral prefrontal), 780 mm 3 (amygdala), 780 mm 3 (basal ganglia), 1,170 mm 3 (ventral prefrontal), and 1,092 mm 3 (cingulate/paracingulate). Multiple voxel comparisons were corrected similarly for the analyses examining task main effects, except that the error rate per mask was held at .05 because only one mask was examined, a whole-brain gray-matter mask (cluster threshold 0 2,340 mm 3 ).
Lateralization analyses
Lateralization in DLPFC was tested using a locally written MATLAB program. This program conducted a repeated measures homogeneity-of-slopes analysis of covariance, with hemisphere as the repeated measure, approach and avoidance scores as continuous between-subjects predictors (along with the covariates of no interest mentioned above), and VAL or ARO fMRI activation as the dependent variable. The interaction of each temperament score with hemisphere was examined, which tested whether the relationship between temperament score and brain activation differed significantly across hemispheres. Given that the Hemisphere factor had only two levels, nonsphericity was not a concern (because the sphericity assumption requires that the variance of the difference between a pair of levels be the same for all pairs, 1 The fMRI analyses conducted using FEAT were rerun using FSL's outlier deweighting (Woolrich, 2008) procedure to test whether the findings were driven by outliers. The sets of findings were virtually identical, indicating that the original findings were not due to outliers. Two additional analyses were conducted in order to rule out the potential confounding effects of structural differences that might correlate with approach or avoidance temperament. First, voxel-based morphometry analysis was performed with approach and avoidance temperament predicting gray-matter density. Approach and avoidance did not predict gray-matter density in any of the areas in which approach and avoidance predicted fMRI activation. Second, the approach and avoidance FEAT analyses were rerun with gray-matter density as a voxel-dependent covariate, thus removing any shared variance between temperament and gray-matter density. The new findings were extremely similar, indicating that the original findings were not due to temperament-related structural differences.
and there was only one pair of levels). These analyses were conducted on a per-voxel basis, and correction for multiple comparisons was conducted on the resultant β maps using cluster-thresholding via AlphaSim, in the same manner as in the main analyses. For the lateralization analyses, the superior lateral prefrontal cortex mask was edited to contain only the right hemisphere, and an individual voxel-level threshold of p 0 .04 was used in combination with a minimum cluster size of 702 mm 3 .
Analyses to examine bias by sampling strategy
The interaction of temperament and sampling group was examined in order to determine whether the sampling strategy (based on psychopathology scores not of interest in the present study) biased the present findings. Psychopathology Group was entered as a between-subjects factor in the main analyses, and the interaction between this factor and each temperament score was examined in the regions in which clusters were observed in the main analyses. These analyses were conducted in a voxel-wise manner and were thresholded in the manner described above (using the same masks), except that an overall corrected p value of .10 per mask was used. This resulted in cluster thresholds of 702 mm 3 (superior lateral prefrontal), 468 mm 3 (amygdala), 468 mm 3 (basal ganglia), 780 mm 3 (ventral prefrontal), and 702 mm 3 (cingulate/paracingulate). A more liberal p value was used in order to increase the chance of locating biasing effects of the sampling strategy.
Behavioral analyses
The mean reaction time (RT) and error frequency were calculated for each condition and each participant. To calculate the effect of task on RTs, two orthogonal pairedsample t tests were conducted, one in which pleasant was compared to unpleasant and one in which the average of pleasant and unpleasant was compared to neutral. Similar comparisons were used with related-samples Wilcoxon signed rank tests to calculate the effect of task on error rates. A VAL RT interference score was calculated by subtracting the unpleasant RT from the pleasant RT. A VAL error rate difference score was calculated similarly. An ARO RT interference score was calculated by subtracting the neutral RT from the average of the pleasant and unpleasant RTs. An ARO error difference rate score was calculated by subtracting the neutral error frequency from the sum of the pleasant and unpleasant error frequencies (it was not necessary to calculate the mean of pleasant and unpleasant because the number of neutral trials was equal to the sum of the pleasant and unpleasant trials). The RT interference and error rate difference scores were entered as dependent variables in regression analyses (Poisson regression was used with error difference scores), with approach and avoidance temperament entered simultaneously as predictors.
Results
Confirmatory factor analysis
The two-factor model of scales contributing to the approach and avoidance scores was successfully estimated and was associated with a nonsignificant χ 2 value of 10.3 (p 0 .25, 8 dfs). The comparative-fit index value (Bentler, 1990 ) was 0.993, and the root-mean square error of approximation value (Brown & Cudeck, 1993) was 0.060, indicating that the model provided excellent fit to the data. Consistent with prior research (e.g., Spielberg, Heller, Silton, Stewart, & Miller, 2011) , the latent factors were negatively correlated (r 0 -.58, p < .001). All measurement weights were significant at p < .001, and the standardized estimates are provided in Table 2 .
Behavioral analysis
Paired-sample t tests were conducted to detect differences in RTs between emotion conditions. Pleasant RTs (mean 0 684 ms) did not differ from unpleasant RTs (mean 0 685 ms; mean difference 0 -1 ms, p 0 .817, Cohen'sd 0 -0.03). Also, high arousal (i.e., average of pleasant and unpleasant; mean 0 684 ms) did not differ from the neutral condition (mean 0 681 ms; mean difference 0 3 ms, p 0 .530, Cohen'sd 0 0.07).
Related-samples Wilcoxon signed rank tests were conducted to detect differences in error rates between the emotion conditions. Error rates did not differ for the pleasant (mean 0 3.2) versus the unpleasant (mean 0 3.6; mean difference 0 -.4, p 0 .122, r 0 -.17) conditions. However, (Costa & McRae, 1992) ; GTS 0 General Temperament Survey (Watson & Clark, 1993) ; BIS 0 Behavioral Inhibition Scale (Carver & White, 1994) high arousal (sum of pleasant and unpleasant; mean 0 6.8) did lead to a greater error rate than did the neutral condition (mean 0 5.6; mean difference 0 1.2, p < .001, r 0 .42). Linear and Poisson regression analyses were conducted to determine the effect of temperament on RT interference and differences in error rates, respectively. Neither approach (β 0 .20, p 0 .172, ΔR 2 0 .024) nor avoidance (β 0 .06, p 0 .656, ΔR 2 0 .003) predicted valence-related RT interference, nor did they predict arousal-related RT interference (approach, β 0 .04, p 0 .813, ΔR 2 0 .001; avoidance, β 0 .02, p 0 .883, ΔR 2 0 .000). Similarly, neither approach (β 0 .02, Wald χ 2 0 .1, p 0 .763) nor avoidance (β 0 -.05, Wald χ 2 0 .9, p 0 .355) predicted valence-related differences in error rates, nor did they predict arousal-related differences in error rates (approach, β 0 .06, Wald χ 2 0 1.5, p 0 .223); avoidance, β 0 .05, Wald χ 2 0 1.4, p 0 .234).
Main effects of task Table 3 lists the brain regions where main effects of VAL and ARO were observed.
Valence-related activation moderated by temperament Table 4 lists the brain regions where activation related to VAL was moderated by trait approach or avoidance temperament. As is illustrated in Fig. 1 , two clusters emerged in which VAL activation was moderated by avoidance temperament. In line with the present hypotheses, higher avoidance temperament was associated with a larger response to unpleasant than to pleasant distractors in left putamen and right amygdala. No areas emerged in which avoidance was associated with more activation to pleasant distractors. Unexpectedly, approach The p values are those associated with the largest cluster-size threshold that the cluster would meet, as determined by AlphaSim. For location, coordinates are given for the maximum z value in MNI152 space, with the x-axis moving from left to right. L 0 left, R0 right, M 0 medial, B 0 bilateral. SFG 0 superior frontal gyrus; MFG 0 middle frontal gyrus; IFG 0 inferior frontal gyrus; STG 0 superior temporal gyrus; MTG 0 middle temporal gyrus; ITG 0 inferior temporal gyrus; rACC 0 rostral anterior cingulate cortex; dACC 0 dorsal anterior cingulate cortex; PCC 0 posterior cingulate cortex; SPL 0 superior parietal lobule; IPL 0 inferior parietal lobule; OFC 0 orbitofrontal cortex. BA 0 Brodmann's Area temperament was associated with less activation to pleasant than to unpleasant distractors in right caudate. No areas emerged in which approach was associated with more activation to pleasant distractors.
Arousal-related activation moderated by temperament Table 5 lists the brain regions where activation related to ARO was moderated by trait approach or avoidance temperament. In line with the present hypotheses, activation to arousing distractors in left DLPFC and right putamen increased as approach temperament increased, as illustrated in Fig. 2 . The area of left DLPFC identified in the present study overlapped both areas found to be associated with approach temperament in Spielberg, Miller, et al. (2011) . Unexpectedly, three additional clusters emerged in which activation to arousing distractors increased as a function of approach temperament. These included a cluster in genual ACC/paracingulate and two clusters in posterior cingulate (PCC). As is illustrated in Fig. 3 , the results for avoidance motivation were also consistent with our hypotheses. Specifically, activation to arousing distractors in regions of right and left For direction of the relationship, "negative" indicates that temperament score correlates negatively with pleasant -unpleasant (i.e., positive correlation with unpleasant -pleasant). The p values are those associated with the largest cluster-size threshold that the cluster would meet, as determined by AlphaSim. For location, coordinates are given for the maximum z value in MNI152 space, with the x-axis moving from left to right. L 0 left, R 0 right The p values are those associated with the largest cluster-size threshold that the cluster would meet, as determined by AlphaSim. For location, coordinates are given for the maximum z value in MNI152 space, with the x-axis moving from left to right. L 0 left, R0 right, M 0 medial. DLPFC 0 dorsolateral prefrontal cortex. ACC 0 anterior cingulate cortex. dACC 0 dorsal ACC. PCC 0 posterior cingulate cortex. BA 0 Brodmann's Area DLPFC, overlapping the areas identified in Spielberg, Miller, et al. (2011) , increased as avoidance temperament increased. The left DLPFC cluster partially overlapped with the left DLPFC cluster associated with approach temperament by 561 mm 3 (39% of the approach cluster, 21% of the avoidance cluster). Also in line with the present hypotheses, activation to arousing distractors in right putamen and caudate increased as a function of avoidance temperament. Unexpectedly, activation to arousing distractors also increased in a large cluster that included genual ACC, dorsal ACC, PCC, and paracingulate as avoidance temperament increased. No clusters emerged in OFC. However, this may have been due to a lack of power, because avoidance was associated with a cluster in right agranular OFC (cluster size 0 1,110 mm 3 , mean z 0 2.45; center of mass: x 0 38, y023, z 0 -11) when the overall p value for that mask was relaxed to .05.
Lateralization analyses
Given work indicating that motivation influences the laterality of activation in DLPFC, analyses were carried out to locate regions in which the relationship between temperament type (approach, avoidance) and brain activation was asymmetric across the hemispheres. As is indicated in Table 6 , no clusters exhibited significant lateralized relationships between temperament and valence-related activation. In line with the present hypotheses, a cluster was observed in left DLPFC in The p values are those associated with the largest cluster-size threshold that the cluster would meet, as determined by AlphaSim. For location, coordinates are given for the maximum z value in MNI152 space, with the x-axis moving from left to right. L 0 left, R 0 right. DLPFC 0 dorsolateral prefrontal cortex which approach temperament exhibited a larger correlation with arousal-related activation in the left hemisphere. Importantly, this cluster almost completely overlapped the left DLPFC cluster associated with approach temperament observed in the above analyses. Also in line with present hypotheses, a cluster was observed in right DLPFC in which avoidance temperament exhibited a larger correlation with arousal-related activation in the right hemisphere. Importantly, this cluster largely overlapped the right DLPFC cluster associated with avoidance temperament observed in the above analyses.
Analyses to examine bias by sampling strategy No clusters were observed in which psychopathology group interacted with temperament to predict VAL activation. One cluster was observed in which psychopathology group interacted with approach temperament to predict ARO activation. Specifically, a cluster was observed in paracingulate/dorsal ACC (center of mass: x 0 -6, y 0 31, z 0 29). However, this cluster did not overlap with the cingulate clusters observed to be related to approach temperament in the analyses above. No clusters were observed in which psychopathology group interacted with avoidance temperament to predict ARO activation.
Discussion
The findings of the present study partially supported the hypothesis that approach and avoidance are differentially sensitive to valence. Avoidance motivation was positively associated with activation to unpleasant distractors in two of the hypothesized brain areas, although this sensitivity was not manifested in behavioral performance. No areas exhibited greater activation to pleasant distractors as a function of approach temperament. Unexpectedly, approach temperament was negatively associated with activation to pleasant distractors in right caudate. The hypothesis that approach and avoidance temperament would both be positively associated with recruitment of brain areas involved in maintaining goal pursuit when emotionally arousing distractors were present was supported. This increased recruitment was observed for both approach and avoidance in a number of areas, including DLPFC. Taken together, these findings support the involvement of DLPFC in the integration of motivation and executive function, but they fail to support the hypothesis that this integration in DLPFC would be differentially sensitive to the valence of the distracting stimuli.
Dorsolateral prefrontal cortex
The present findings confirm the importance of DLPFC in integrating motivational and executive function processes.
As hypothesized, approach temperament was positively associated with activation to arousing distractors in a region of left DLPFC that substantially overlapped the two clusters found to be associated with approach temperament in Spielberg, Miller, et al. (2011) , and this effect was lateralized as predicted. Also in line with our hypotheses, avoidance temperament was positively associated with activation to arousing distractors in regions of right and left DLPFC that substantially overlapped the two clusters found by Spielberg, Miller, et al. to be associated with avoidance temperament. Again similar to the findings of Spielberg, Miller, et al. , the right DLPFC effect was lateralized, whereas the left DLFPC effect was not. Consistent with Spielberg, Miller, et al., these findings indicate that motivational temperaments are positively associated with engagement of DLPFC to maintain goal pursuit. One interpretation of these findings is that these DLPFC areas are recruited to exert top-down control in order to compensate for the distraction induced by the arousing nature of the distractors. The present findings then suggest that motivational temperaments are associated with greater engagement in compensatory processing to maintain goals. An alternative interpretation is that activation in these areas of DLPFC reflects sustained attention to the arousing properties of the stimuli, rather than being compensatory in nature. In support of this hypothesis, Yarkoni, Barch, Gray, Conturo, and Braver (2009) found that the amount of time spent on task was proportional to activation in several prefrontal regions. Given this second interpretation, the present findings suggest that motivational temperaments are associated with greater levels of task-related sustained attention.
The present hypotheses regarding moderation of valencerelated activation in DLPFC by motivational temperaments were not supported. Specifically, approach temperament did not moderate activation to pleasant distractors in left DLPFC, and avoidance temperament did not moderate activation to unpleasant distractors in bilateral DLPFC. Additionally, approach and avoidance temperament did not moderate valencerelated behavioral performance. One potential explanation for the failure to support these hypotheses is that the effects under examination are relatively small, and the present study lacks the power to detect them. Although the sample was very substantial for an fMRI study, it was smaller than those in many relevant nonneuroscience studies in psychology.
An alternative explanation for the failure to find moderation of valence-related activation in DLPFC is the fact that the valenced stimuli were task-irrelevant, and differential sensitivity to valence in DLPFC may be evident only when the valenced stimuli are the focus of goal pursuit (e.g., approach temperament associated with increased sensitivity to appetitive goals). Future research could examine whether activation in the regions of DLPFC observed in the present study varies differentially as a function of approach and avoidance temperament when the goal itself is valenced. For example, activation in left DLPFC may increase as a function of approach temperament when the goal is appetitive (e.g., monetary reward), but not when the goal is aversive. Additionally, distractor word meaning was not directly relevant to the goal being pursued (attending to ink color) in the present study. It is possible that differential sensitivity to valence associated with motivational temperaments would be observed in DLPFC if the distractors were directly relevant to the task at hand. For example, if the goal were to identify whether a face was expressing disgust, approach temperament might show increased reaction times to pleasant versus unpleasant faces.
Cingulate cortex Similar to the findings for DLPFC, several clusters emerged in cingulate in which approach or avoidance temperament was associated with more arousal-related activation, rather than valence-related activation as hypothesized. Approach was positively associated with activation in genual ACC, in the anterior end of the cingulate area hypothesized to be related to maintaining the value of actions, as well as in PCC. Avoidance was positively associated with activation in a larger swath of cortex, including both areas moderated by approach and extending farther, both dorsally and rostrally, from genual ACC.
Although we had not hypothesized moderation of activation in PCC, this finding is consistent with research implicating this region as having an important role in goal pursuit. Specifically, one theory has suggested that PCC, along with other areas such as genual ACC, is involved in using "past experiences adaptively to imagine perspectives and events beyond those that emerge from the immediate environment" (Buckner & Carroll, 2007, p. 49) . Thus, PCC appears to be important for the anticipation of potential future outcomes. PCC involvement has also been found in studies directly examining approach and avoidance motivation. For example, PCC activation has been found to increase when participants self-reflected on approach-and avoidance-related goals (Johnson et al., 2006) .
Amygdala
As hypothesized, amygdala activation to unpleasant distractors was positively associated with avoidance temperament. Given research indicating that amygdala is involved in identifying the motivational relevance of stimuli (Pessoa & Adolphs, 2010) , this finding suggests that avoidance temperament is associated with the assessment of unpleasant stimuli as being more salient than pleasant stimuli. The present hypothesis that amygdala activation to pleasant distractors would increase as a function of approach temperament was not supported. Although this may be due to a lack of power, the present findings are consistent with research indicating that, when valenced stimuli are task-irrelevant, amygdala responses are greater to unpleasantly than to pleasantly valenced stimuli (Straube, Pohlack, Mentzel, & Miltner, 2008) .
Basal ganglia
The hypothesis that arousal-related basal ganglia activation would be positively associated with approach and avoidance temperament was supported in right putamen for both approach and avoidance, and in the head of the caudate for avoidance temperament. The region of putamen observed to be active for both approach and avoidance receives projections from premotor cortex (Haber, 2010) and is thought to be involved in action preparation (Tremblay, Worbe, & Hollerman, 2009) . Therefore, moderation of activation in this area of putamen may reflect the influence of motivation on action preparation. Research has suggested that the area of caudate found in the present study receives projections from DLPFC, ACC, and OFC and is involved in integrating information from these areas (Haber, 2010) . This caudate region projects back to cortex through connections with globus pallidus and substantia nigra (Gerfen & Bolam, 2010) , providing a route by which integrated information from DLPFC, ACC, and OFC can influence ongoing processing in these cortical areas.
The present hypotheses regarding the basal ganglia and valence-related activation were partially supported. Specifically, activation to unpleasant distractors in left putamen was positively associated with avoidance temperament. This cluster partially overlapped the left putamen cluster in which arousal-related activation was moderated by avoidance and is within the region of putamen that receives projections from premotor cortex (Haber, 2010) and is implicated in action preparation (Tremblay et al., 2009 ). This suggests that avoidance motivational information differentially influences the preparation of actions related to unpleasant stimuli.
The hypothesis that activation in basal ganglia to pleasant distractors would increase as a function of approach temperament was not supported. Instead, approach temperament was negatively associated with activation to pleasant, relative to unpleasant, distractors in right caudate. Given research indicating that this area of caudate receives projections from DLPFC (Haber, 2010) , one potential explanation for this finding is that DLPFC is exerting top-down control on caudate to suppress processing of the pleasant distractors. However, the fact that approach temperament did not significantly moderate valence-related activation in DLPFC undermines this explanation. An alternative explanation is that approach temperament is not associated with sensitivity to pleasant stimuli. Rather, unpleasant stimuli may generally be more salient, and thus both motivational temperaments are associated with increased processing of such stimuli. If true, this would call into question important aspects of current conceptualizations of approach and avoidance motivation.
Orbitofrontal cortex
Contrary to our hypotheses, no clusters were observed in which motivational temperaments moderated activation in OFC. As discussed above in relation to other regions, this may be due to a lack of power to detect these effects. In support of this explanation is the fact that, when the overall p value for each mask was relaxed to .05, a cluster emerged in right agranular OFC in which avoidance was positively associated with activation to arousing stimuli.
Strengths and limitations
The present study benefited from direct tests of laterality, the use of a relatively large sample size (for the fMRI literature), and careful measurement of approach and avoidance temperament by estimation of latent factors from multiple indices. It extends the literature on the neural integration of approach and avoidance motivation and executive function processes by examining this integration in the context of emotionally valenced and arousing distraction. As with any study, however, several limitations must be considered when interpreting the results. First, the present study used only self-report measures of approach and avoidance temperament. Future research would benefit from additional behavioral performance measures, such as differential detection of cues indicating monetary reward and punishment (see, e.g., Henriques, Glowacki, & Davidson, 1994) . Second, not all potentially relevant aspects of executive function were recruited by the task used in the present study. Future research could extend the present findings by examining how processes related to other aspects of executive function, such as shifting and updating (Miyake et al., 2000) , are integrated with motivational processes. Third, it is unclear whether the high-and low-arousal words led to actual changes in physiological arousal in the present study. Given that the purpose of the arousal manipulation in the present study was to employ stimuli that differed in salience, rather than physiological arousal, this appears to be a relatively minor limitation. However, future research that uses a measure of sympathetic nervous system activity could provide useful information regarding the relationships between approach and avoidance motivation and goal maintenance.
A final limitation is that the sample used in the present study was selected on the basis of measures of anxiety and depression (creating groups with high and low levels of psychopathology), which may affect the generalizability of the present findings. One mitigating factor is that the data used in the present study were collected 1-6 months after the screening, during which time regression to the mean on the selection questionnaires occurred. Another factor is that the sampling strategy covered all but about 1 SD of the distribution of each scale, thus representing most of the population. Additionally, the fact that sampling group did not interact with motivational temperaments in any of the observed clusters suggests that the findings were not biased. However, the present study may lack appropriate power to detect these interactions. Given research suggesting that anxiety/depression and motivational temperaments share important variance (Spielberg, Heller, et al., 2011) , one potential effect of the sampling strategy used in the present study was the creation of something similar to extreme groups on motivational temperament. Specifically, because participants in the present study were selected to be high or low in anxiety/depression, they would also tend to be high or low on motivational temperaments. Thus, the actual effects may be smaller than those observed here. If the sampling strategy used in the present study did create something akin to extreme groups, this would be a benefit as well as a drawback, because the power to detect effects of interest would be increased. However, it does limit the interpretation of the present findings, and future research should test these hypotheses in an unselected sample in order to determine whether the effects observed generalize to such populations.
In spite of these limitations, the present study adds to the literature by supporting the proposed role for DLPFC in the integration of motivational and executive function processes and by implicating a network of other brain areas as being involved in maintaining goal pursuit, including amygdala, ACC, PCC, and basal ganglia. Additionally, approach temperament was not associated with sensitivity to pleasant stimuli as hypothesized. Rather, approach was associated with decreased activation to pleasant stimuli in right caudate, calling into question aspects of current conceptualizations of approach motivation. The results from the present study indicate that avoidance temperament is associated with differential sensitivity to unpleasant stimuli, given the finding that valence-related activation in amygdala and left putamen varied as a function of avoidance temperament.
